We observed the slowly revolving pulsar 1E 161348-5055 (1E 1613, spin period of 6.67 h) in the supernova remnant RCW 103 twice with XMM-Newton and once with the Very Large Telescope (VLT). The VLT observation was performed on 2016 June 30, about a week after the detection of a large outburst from 1E 1613. At the position of 1E 1613, we found a near-infrared source with K S = 20.68 ± 0.12 mag that was not detected (K S > 21.2 mag) in data collected with the same instruments in 2006, during X-ray quiescence. Its position and behavior are consistent with a counterpart in the literature that was discovered with the Hubble Space Telescope in the following weeks in adjacent near-IR bands. The XMM-Newton pointings were carried out on 2016 August 19 and on 2018 February 14. While the collected spectra are similar in shape between each other and to what is observed in quiescence (a blackbody with kT ∼ 0.5 keV plus a second, harder component, either another hotter blackbody with kT ∼ 1.2 keV or a power law with photon index Γ ∼ 3), the two pointings caught 1E 1613 at different luminosity throughout its decay pattern: about 4.8×10 34 erg s −1 in 2016 and 1.2 × 10 34 erg s −1 in 2018 (0.5-10 keV, for the double-blackbody model and for 3.3 kpc), which is still almost about ten times brighter than the quiescent level. The pulse profile displayed dramatic changes, apparently evolving from the complex multipeak morphology observed in high-luminosity states to the more sinusoidal form characteristic of latency. The inspection of the X-ray light curves revealed two flares with unusual properties in the 2016 observation: they are long (∼1 ks to be compared with 0.1-1 s of typical magnetar bursts) and faint (≈10 34 erg s −1 , with respect to 10 38 erg s −1 or more in magnetars). Their spectra are comparatively soft and resemble the hotter thermal component of the persistent emission. If the flares and the latter component have a common origin, this may be a spot on the star surface that is heated by back-flowing currents that are induced by a magnetospheric twist. In this hypothesis, since the increase in luminosity of 1E 1613 during the flare is only ∼20%, an irregular variation of the same order in the twist angle could account for it.
Introduction
The X-ray source 1E 161348-5055 (1E 1613) lies at the center of the young (2 kyr) supernova remnant (SNR) RCW 103. It was discovered with Einstein and was suggested to be a radio-quiet isolated neutron star (NS) by Tuohy & Garmire (1980) . Over the years, the behavior of 1E 1613 has set it apart from any other compact object source (De Luca 2008 , 2017 : the source displays a strong variability on scales of months or years (a large outburst with an increase in luminosity from ∼3 × 10 33 to over 3 × 10 35 erg s −1 occurred in 1999), and features a modulation in flux with a period of 6.67 h, together with dramatic changes in the pulse profile (which are correlated with the flux level). Considering also the young age of 1E 1613 and the lack of an optical or IR counterpart, De Luca et al. (2006) discussed two main possibilities: 1E 1613 could be either a very young lowmass X-ray binary (LMXB, the first observed inside an SNR, see also Bhadkamkar & Ghosh 2009) , or an isolated magnetar that slowly revolves at an abnormal period of 6.67 h, possibly due to a propeller interaction with a fallback disk (see also Li 2007; Popov et al. 2015) . Even more exotic pictures have been proposed, such as an LMXB with a supermagnetic NS locked in synchronous rotation with the orbit (Pizzolato et al. 2008) , or an evolved Thorne-Żytkow object (Liu et al. 2015) .
(∼10 ms) shows a double-peak profile, the spectrum of which is well described by a blackbody model (kT ∼ 9 keV) and a luminosity of ∼2 × 10 39 erg s −1 (for a distance of 3.3 kpc; Caswell et al. 1975; Rea et al. 2016) . All in all, the event was a signature magnetar burst (Turolla et al. 2015; Kaspi & Beloborodov 2017; Esposito et al. 2018) . Concurrently, an enhancement by a factor >100 in the X-ray flux of 1E 1613 with respect to the quiescent level (observed for several years and up to one month before) was measured with the Swift X-Ray Telescope (XRT). On 2016 June 25, Chandra and NuSTAR observations showed a flux modulation at the known 6.67 h period with two main peaks per cycle, which is different from the nearly sinusoidal shape seen during the quiescent state of the source (Esposito et al. 2011) and was detected for the first time 1E 1613 at hard X-rays of up to ∼30 keV (Rea et al. 2016 ).
An intense multi-instrument monitoring showed that after more than 1 yr since the onset of the outburst, 1E 1613 was still about ten times brighter than usual and that the total energy emitted (∼2 × 10 42 erg), the flux decay pattern, and the spectral evolution were similar to what is generally observed in magnetars (Rea et al. 2016; Borghese et al. 2018; Coti Zelati et al. 2018) . Moreover, in HST images taken on 2016 July 4 and August 11, Tendulkar et al. (2017) detected a likely IR counterpart with J magnitude 26.3 and H magnitude 24.2, implying a minimum brightening of at least 1.3 magnitudes (H) compared to the nondetections in the previous (2002) observations (with a different instrument, De Luca et al. 2008) and an X-ray-to-IR luminosity ratio consistent with typical values or limits for magnetars and isolated NSs (Mignani 2011; Olausen & Kaspi 2014) . Finally, the optical counterpart rules out for 1E 1613 all binary scenarios in which the IR emission comes from an accretion disk or from a stellar companion (non-degenerate or white dwarf).
In this paper, we report on the results from the analysis of two XMM-Newton exposures carried out in 2016 August and 2018 February that seized the source at two different flux levels along its decay pattern. We also present VLT/NAOS+CONICA (NaCo) IR images taken at Paranal in the night of 2016 June 29-30, a few days before the HST observations that discovered the counterpart of 1E 1613 (Tendulkar et al. 2017 ). We detected a faint source that can be identified to be that of Tendulkar et al. (2017) , which was not detected in previous NaCo data that were collected in 2006 , while 1E 1613 was in quiescence.
Very Large Telescope observations and results
We performed a target of opportunity observation (Program ID: 297.D-5042(A)) of the field of 1E 1613 on 2016 June 30 at the ESO Paranal Observatory with NaCo (Lenzen et al. 2003; Rousset et al. 2003) , the adaptive optics imager and spectrometer mounted at the VLT Unit 1 (Antu). We adopted the same setup as we used in our previous NaCo observations of 1E 1613 1E (2006 Program ID: 077.D-0764(A); De Luca et al. 2008) . The instrument was operated with the S27 camera, giving a field of view of 28 × 28 and a pixel scale of 0 . 027. The visual (VIS) dichroic element and wave-front sensor (4500-10000 Å) were used. Observations were performed in the K s filter (λ = 2.18 µm; ∆λ = 0.35 µm FWHM). The only suitable reference star for the adaptive optics correction is the GSC-2 star S230213317483 (V ∼ 15.2), located 21 . 1 away from our target. We performed three observations, lasting 2,500 s each, split into sequences of short dithered exposures with 50 s integration. At variance with our 2006 observations, the target region was located close to the center of quadrant 4 to keep it away from the malfunctioning quadrant 2 1 in the dithering pattern; this resulted in a ∼10 shift of the target within the field of view with respect to the 2006 data. Airmass was in the 1.12-1.17 range; seeing conditions were very good, in the 0 . 30-0 . 50 range, mostly below 0 . 40. Sky conditions were mostly photometric. Night (twilight flat fields) and day-time calibration frames (darks, lamp flat fields) were taken daily as part of the NaCo calibration plan. The data were processed using the ESO NaCo pipeline, and the science images were coadded using the eclipse software (Devillard 1997) to produce a master image with 7,500 s exposure time.
Our goal is to search for sources in the error region of 1E 1613 that display variability with respect to our 2006 observations. Thus, the source catalog produced by De Luca et al. (2008) was adopted as a reference for both astrometry and photometry. We ran a source detection on our master image using the SExtractor software (Bertin & Arnouts 1996) . Using a set of ∼300 sources down to K s = 20, we superimposed the master image on the image obtained in 2006 with a root mean square (r.m.s.) < 0 . 01. Using the same set of stars, we fit the zero-point needed to convert the instrumental aperture magnitudes to K s magnitudes as computed in our previous work . This exercise yields a rather large scatter in the flux measurements between the two epochs, with an r.m.s. of ∼0.25 mag. We noted that residuals clearly depend on the position of the sources within the field of view. This could be due to anisoplanatic effects (i.e., related to the change in point spread function as a function of distance from the guide star in adaptive optics observations) or to the positioning of the target in different quadrants. As a simple approach, we added a correction to the zeropoint that was linearly dependent on the distance to the guide star. The fit results were much better, with an r.m.s. below 0.10 mag on the whole field of view.
Inspection of the master image shows a new source that is located close to the center of the error region for 1E 1613. This was not detected in our 2006 data (see We also investigated a possible short-term variability of the new candidate counterpart of 1E 1613. To this aim, we generated images with 1000 s exposure time as well as with 2500 s exposure time by combining 20 and 50 consecutive frames with 50 s integration time, respectively. For each image, we performed astrometric and photometric calibration as described above for the master image, with similar accuracy. This allowed us to produce light curves with ∼1,000 s and ∼2,500 s binning for ∼380 and ∼900 sources, respectively, including the new candidate coun- 
XMM-Newton observations and results
Two XMM-Newton observations of 1E 1613 were taken after the 2016 outburst, one on 2016 August 19-20 (Obs.ID 0743750201) and one on 2018 February 14 (Obs.ID 0805050101). The 2016 exposure lasted about 82.5 ks, and the EPIC pn (Strüder et al. 2001 ) was operated in Small Window mode (time resolution: 5.7 ms) and the MOS detectors (Turner et al. 2001) in Large Window mode (time resolution: 0.9 s); all cameras mounted the thin optical-blocking filter. The exposures of the MOS cameras were interrupted after ∼0.5 ks and later resumed, with a gap of ∼3.2 ks both in the MOS1 and MOS2 data. The 2018 pointing was 63 ks long and all the detectors were in Full Frame mode (time resolution: 73.4 ms for the pn and 2.7 s for the MOSs), using the thin filter for the pn and the medium filter for the MOSs. The second observation was affected by intervals of flaring particle background, which were removed using intensity filters on the light curves; this screening reduced by ∼20% the net exposure time in the pn and by a lesser amount in the MOS cameras (see Table 1 for more details). The raw observation data files were processed with the Science Analysis Software (SAS; Gabriel et al. 2004 ) v.17.1. To extract the event lists and spectra, we used the same regions as were selected in De Luca et al. (2006): a circle with a radius of 15 arcsec centered on 1E 1613 and a circle with a radius of 20 arcsec with a center at RA = 16 h 17 m 42 s .4, Decl. = −51
• 02 38 (J2000), a region where the surface brightness of the RCW 103 SNR is comparable to that of the surroundings of the source, to estimate the background. Spectra were rebinned so as to have a minimum of 30 counts per energy bin, and for each spectrum, the response matrix and ancillary files were generated with the SAS tasks rmfgen and arfgen. To convert the event times into the solar system barycenter, we used the task barycen.
The evolution of the flux, the spectral shape, and the pulse profile of 1E 1613 in the aftermath of the outburst have been studied in detail by Borghese et al. (2018) and Coti Zelati et al. (2018) over a period encompassing the two XMM-Newton observations. Here, we concentrate on the individual data sets.
The 6.67 h flux modulation is evident in both observations and apparently evolves from the complicate shape that is characteristic of the outbursts toward the nearly sinusoidal profile observed in quiescence ( Fig. 2; fig. 4 of Esposito et al. 2011 ). In the first observation, the high flux combined with the long exposure resulted in spectra with hundreds of thousands of source counts (>2 × 10 5 in the pn and >10 5 in each MOS). In spectra of such high statistical quality, systematic (calibration) errors are important in the error budget, as can be seen by inspecting the fit residuals at the energies of the effective area edges, where large variations occur rapidly. For this reason we added to the spectra an energyindependent systematic uncertainty of 3% (see, e.g., Molendi & Gastaldello 2009 ). The spectra may be modeled by a double blackbody or a blackbody-plus-power-law model and an absorption component. For the latter, we adopted the abundances by Wilms et al. (2000) and the Tübingen-Boulder interstellar medium (ISM) absorption model. The parameters derived from the spectral fits are similar to those from previous analyses (De Luca et al. 2006; Rea et al. 2016; Borghese et al. 2018 ) and are summarized in Table 2 . Figure 3 shows the long-term evolution of the observed flux (the XMM-Newton data refer to the double-blackbody model).
Inspecting the light curves, we realized that they contained unusual features in the first observation. At least two long-lasting flares occurred, the first ∼32 ks after the start of the observation, the second at about 78 ks (see Fig. 4 ). They can be identified because (>5 keV) they appear like spikes in the hard band. The first flare lasted approximately 1.2 ks and had a faster rise than decline; the second flare had a slightly more symmetric profile and lasted ∼2.2 ks. No similar events were found in the second observation.
Extracting the spectra from the time intervals of the flares, we found that the spectral shapes of the two flares are very similar. As a first guess, we assumed that the flare emission is superimposed on the persistent emission, and we fit the flare spectra with a model consisting of the average spectrum of observation A plus an additional component, either a power law or a blackbody. The fits are essentially equally good; the additional component resembles the hard component of the average spectrum. In the blackbody fit, the temperature converges to a value that is compatible with the value of the hot blackbody in Table 2 . In other words, the spectra of the flares are extremely similar to the spectrum of the persistent emission with an stronger hot component. This can be visually assessed in Fig. 5 , where we show a simultaneous fit of the spectra of the average emission and of the two flares where all parameters are tied except for the hot blackbody normalization. The resulting radii are 0.25 +0.01 −0.02 and 0.27 +0.02 −0.01 km for the first and second flare, respectively (χ 2 ν = 1.10 for 2756 degrees of freedom, dof). The corresponding luminosities are (5.7 ± 0.1) × 10 34 and (6.1 ± 0.1) × 10 34 erg s −1 (0.5-10 keV), that is, only ≈20-30% more than the average luminosity (but we note that both events occur at the maximum of the pulse profile, although not exactly at the same phase: they are separated by ∼1.9 cycles).
Discussion
In 2016, after hibernating for more than a decade, 1E 1613 entered a new phase of magnetar-like activity, which produced the first outburst from this source. The source was monitored intensely and was also followed in hard X-rays and at IR wavelengths (Rea et al. 2016; D'Aì et al. 2016; Tendulkar et al. 2017; Borghese et al. 2018 ). All studies spotted strong similarities between this unusual source and magnetars, which underlines the possibility that the compact object might be a magnetar (De Luca et al. 2006) . The space for a binary system was already narrow in view of the limit on the IR emission that was previously obtained by De Luca et al. (2008) , but the ignition of 1E 1613 in the IR that was observed with HST by Tendulkar et al. (2017) strongly argues against the possibility of accretion onto the neutron star. The HST detection implies a brightening >1.3 mag in the F160W filter band (H band, λ = 1.545 µm; ∆λ = 0.29 µm FWHM) and >1.8 mag in the F110W filter band (wide J, λ = 1.15 µm; ∆λ = 0.5 µm FWHM). Our (non-simultaneous) VLT observation implies an increase in flux density of at least ∼0.5 mag in the K s band. The extinction toward 1E 1613 is uncertain. The dust reddening mapped in its direction is A V = 36 (Schlafly & Finkbeiner 2011) , and high extinction is indicated also by the colors of field stars ). On the other hand, much lower values are obtained from optical and IR observations of the SNR and from the N H measured in the X-ray observations (Oliva et al. 1989; Tendulkar et al. 2017) . Following Tendulkar et al. (2017) , we assume an A V from 3.6 to 36 but, as they note, a low A V seems more likely because it is suggested by measurements of 1E 1613 and its SNR, while the high values come from analyses of a vast field and unrelated stars. The IRto-X-ray spectral energy distribution of 1E 1613 for the extreme values of A V is shown in Fig. 6 (which, we stress, must be taken with caution because the source is variable and the exposures are not simultaneous). Propeller interaction with a surrounding fallback disk is often proposed as a possible explanation of the slow rotation of 1E 1613 (De Luca et al. 2006; Li 2007; Tong et al. 2016; Ho & Andersson 2017) . Given the lack of constraints on the presence of pulsations in the VLT data, it is hard to tell whether the IR emission is of magnetospheric origin or is due to a disk heated by the enhanced emission of 1E 1613 during the outburst. In the case of low extinction, the K s -to-X-ray flux ratio is ∼1.8 × 10 −5 , which is similar to the corresponding HST ratios and is in the range observed for magnetars and isolated neutron stars (Mignani 2011; Olausen & Kaspi 2014) . With this assumption, the detection in itself therefore does not support the presence of a fallback disk around the star.
A careful analysis of the source light curves in Xrays revealed the presence of two flares with properties much at variance with those of canonical magnetar bursts. They last much longer (∼1 ks vs. 0.1-1 s), are less energetic (L ≈ 10 34 erg s −1 , exceeding the persistent luminosity by only ∼20%, vs. L > ∼ 10 38 erg s −1 ), and are softer, with a spectrum quite close to the hotter thermal component of the persistent Notes. Uncertainties are given at the 1σ confidence level. rather high, ≈7 × 10 −9 and 2 × 10 −8 erg cm −2 for the first and second event, respectively, and comparable with standard short burst from magnetars (e.g., Aptekar et al. 2001; Götz et al. 2006; Göǧüş et al. 2000) .
To the best of our knowledge, an event like this has not been observed before in a magnetar or in other classes of X-ray emitting isolated NSs. However, flares similar to those reported here might well have occurred in other sources and passed unnoticed. The strong similarity of the flare spectrum with the hotter thermal component seen in the persistent emission suggests a common origin. In magnetars, the latter is believed to come from a limited region on the star surface that is heated by dissipative processes. If the flares observed in 1E 1613 do come from the same hot spot, they would be hardly visible in a source with a period (≈0.1-10 s) much shorter than the flare duration (≈1 ks), as is the case of all the known X-ray pulsars. In this sense, 1E 1613 is unique because of its period, which is much longer than the flare duration. Further pursuing the idea that the flares originate from a spot on the star surface, they could be produced by some irregularities in the process responsible for the heating. Although the nature of such processes in magnetars is still debated (see, e.g., Turolla et al. 2015; Kaspi & Beloborodov 2017; Gourgouliatos & Esposito 2018 , for recent reviews), we mention that if the star surface is heated by backflowing currents, an increase in luminosity by ∼20% can easily be explained by a change of the same order in the twist angle or in the potential drop that accelerates the charges (Beloborodov 2009 ). We also note that the second flare occurred approximately at the same rotational phase as the first, after ∼1.9 cycles. Although with just two events a coincidence cannot be excluded, this might indicate that they came from the same hot spot.
